Cryptosporidium has caused the majority of waterborne disease outbreaks in treated recreational water venues in the USA for many years running. This research project evaluated some common US swimming pool filters for removing Cryptosporidium oocysts, 5-µm diameter polystyrene microspheres, and 1-µm diameter polystyrene microspheres. A 946 L hot tub with interchangeable sand, cartridge, and precoat filters was used at room temperature for this research. Simulated pool water for each experiment was created from Charlotte, NC (USA) tap water supplemented with alkalinity, hardness, chlorine, and a mixture of artificial sweat and urine. Precoat (i.e., diatomaceous earth and perlite) filters demonstrated pathogen removal efficiencies of 2.3 to 4.4 log (or 99.4-99.996%). However, sand and cartridge filters had average Cryptosporidium removals of 0.19 log (36%) or less. The combined low filter removal efficiencies of sand and cartridge filters along with the chlorine-resistant properties of Cryptosporidium oocysts could indicate a regulatory gap warranting further attention and having significant implications on the protection of public health in recreational water facilities. The 5-µm microspheres were a good surrogate for Cryptosporidium oocysts in this study and hold promise for use in future research projects, field trials, and/or product testing on swimming pool filters.
INTRODUCTION
Cryptosporidium is a human protozoan parasite transmitted by the fecal-oral route while enclosed in a protective outer shell called an oocyst. The oocyst makes it highly-resistant to chlorine disinfection with Ct values on the order of 15,300 mg/L min (Shields et al. b) . Cryptosporidium caused more than 80% of reported waterborne disease outbreaks in treated recreational water venues (e.g., (Yoder et al. ) . While it is difficult and expensive to assess the prevalence of protozoan parasites in public pools during normal non-outbreak conditions, a study of 160 filter backwash water samples from Atlanta, GA, USA showed that 13 (8.1%) were positive for the presence of Giardia or parasites was not reported (Shields et al. a) . In a study of 803 Oklahoma children, 58% of adolescents (ages 14 to 21) were seropositive for C. parvum, which indicates prior infection by the pathogen (Ford ) . The true burden of cryptosporidiosis is not known with certainty, but recent estimates have ranged from 300,000 to 748,000 cases annually in the USA (Yoder & Beach ; Beach ) .
Multiple sources have indicated that weaker subpopulations (e.g., very young children, elderly people, pregnant women, and the immunocompromised) could die from cryptosporidiosis (Daniel ; Hoxie et al. ; Ford ) . A quantitative risk assessment model of Cryptosporidium in swimming pools recently confirmed there is a 'significant public health risk' (Pintar et al. ) . As in the drinking water industry, the burden for safety often falls primarily on physical removal (i.e., filtration).
Accidental fecal release scenario
It is challenging to define a 'typical' accidental fecal release of a person with cryptosporidiosis in a swimming pool primarily because pools vary so widely in volume and in the number of swimmers. If the number of swimmers with cryptosporidiosis in a given pool increases proportional to the number of swimmers in the pool, then the volume of the pool becomes less critical. So, for a typical hotel or apartment complex with a pool volume of 100,000 L and 100 visitors per day on average, let us assume only one of the swimmers has cryptosporidiosis. As many cases of cryptosporidiosis are asymptomatic and a person can still excrete oocysts for up to 50 days after cessation of diarrhea (Yoder & Beach ) , it might be reasonable to assume at least one person in the pool is introducing fresh oocysts as they swim. A single bowel movement from an infected person can contain 10 8 -10 9 oocysts (Yoder & Beach ) , so 10 8 oocysts will be used here for a conservative estimate.
If we assume the oocysts are quickly and uniformly distributed throughout the entire volume of pool water by the activity of the swimmers (as opposed to having localized regions of higher and lower concentrations), then the initial concentration would be 1,000 oocysts/L (or 1 oocyst/mL).
The average adult swallows 16 mL of water each time they swim while younger swimmers swallow an average of 37 mL (Dufour et al. ) . In this scenario, the average swimmer would swallow 16 or 37 oocysts depending on the age of the swimmer. Cryptosporidium has a low infectious dose, and as few as 10-30 oocysts can cause infection in healthy persons (Yoder & Beach ) . So, the average swimmer would ingest enough oocysts to potentially become infected for as long as it takes the pool's treatment system to lower the concentration of infective oocysts to a safe level. This scenario probably borders on best-case conditions since many pools (e.g., plunge pools, kiddie pools) are smaller and multiple swimmers could be introducing oocysts at the same time. This scenario also ignores the potential for accumulation of oocysts over multiple days.
Pool water treatment overview
Swimming pools are generally complex systems where a body of water experiences heterogeneous mixing and variable inputs of multiple contaminants. The filtration and disinfection of the water in a pool typically occurs as the water is recirculated through a treatment area at regular intervals that could be as high as 4-8 h on average (via a system of interconnected inlets and outlets spaced around the pool by the designer). A target pH (e.g., 7.2 to 7.6) and free chlorine level (e.g., 2 to 4 mg/L) are typically maintained in pool water (often by an automatic controller) to achieve some level of residual disinfection between treatment cycles. Unfortunately, the residual disinfectant is quite slow at inactivating chlorine-resistant pathogens like
Cryptosporidium. Automatic control systems for filters exist, but most swimming pool filters are still operated manually. The overall quality and safety of the pool water depends on many variables (e.g., bather inputs, mixing dynamics, length of treatment cycle, disinfection process type(s), filtration effectiveness, as well as the training/performance of the pool operator), but the current study focused solely on the effectiveness of the filtration process for removal of particles of two specific sizes.
Filtration practices
Relatively little is known about the capabilities of common US swimming pool filters to remove waterborne pathogens.
Research has shown that 'high-rate' (i.e., 25-49 m/h filter loading rate) swimming pool sand filters can only consistently deliver 0.11 to 0.28 log (22 to 48%) removal of and beyond (for Cryptosporidium). These chlorine-resistant pathogens forced the drinking water industry to put considerable regulatory emphasis on filtration optimization to achieve physical removal of these pathogens. US drinking water regulations have become increasingly stringent on pathogen removal in recent years in order to safeguard public health.
The swimming pool industry could be forced to take the same approach. However, the average level of training and human resources devoted to swimming pool operations tends to be considerably less than for drinking water operations, which necessitates simple yet effective filtration options. Constantly optimizing coagulation and closely monitoring filtered water turbidity might not be the most practical approach for the majority of US swimming pools.
Research objectives
The primary objective of this research was to evaluate some common swimming pool filtration technologies for removing Cryptosporidium oocysts, 5-μm polystyrene microspheres, and 1-μm polystyrene microspheres from a simulated pool water. The filter types chosen were sand, cartridge, and precoat. Standard commercially available filters and media were used in these experiments. Knowing the key differences between drinking water and pool water practices for both sand and precoat filters, a limited number of additional experiments were conducted in an effort to achieve better pathogen removal performance with the sand and precoat filters.
METHODS Experimental setup (model pool)
A 946 L commercial hot tub was used at room temperature 
Filter descriptions
The sand filter contained approximately 35 cm of sand (with an effective size of 0.49 mm and uniformity The manufacturer-supplied filter cartridges were used in the cartridge filter, but no pore size rating was given in the product literature. All filters were from the same manufacturer and similar in size, shape, and construction materials despite the very different filtration technologies and surface areas being utilized.
Pathogen and microsphere seeding
Inline feed of the oocyst/microsphere suspensions was made possible by a digital peristaltic pump feeding directly into the PVC pipe just upstream of the centrifugal pump.
The oocyst/microsphere suspensions were made in a 1-L glass Erlenmeyer flask of simulated pool water and stirred continuously with a magnetic stirrer and Teflon ® -coated stir bar prior to and during the experiments. The inline feed system allowed for feeding the oocysts/microspheres into the system without stopping and restarting the precoat filters during each experiment, which had been observed to hinder the filter performance in pre-trial runs.
Filter operation
The sand and cartridge filters were operated differently because the stop/start process was not expected to alter their performance once the flow stabilized. For the sand and cartridge filter experiments, the flow of water was stopped just prior to beginning the oocyst/microsphere seeding, and valves were repositioned to redirect the filtered water to the drain piping thereby preventing recirculation. Preliminary experiments (data not shown) revealed that the low removals associated with the sand and cartridge filters allowed rapid accumulation of particles in the spa water with recirculation, which caused the influent number of oocysts/microspheres to increase rapidly and potentially alter the accuracy of calculations as well as the filter performance itself. Sand filters were backwashed with simulated pool water prior to experiments to prevent the pore water from changing chemically during the experiments while the other two types of filters were simply drained completely and filled with simulated pool water at the beginning of the experiment.
All filters were pressure filters (as opposed to gravity or vacuum filters). The filter loading rates were chosen at the maximum rated value for each filter in order to assess the worst-case scenarios for each filter in terms of Cryptosporidium removal. The spa system was capable of pumping water at up to 227 L/min. The precoat and cartridge filters were operated at 227 L/min for filter loading rates of 6.1 and 0.61 m/h, respectively. Water was pumped through the sand filter at 144 L/min for a filter loading rate of 49 m/h.
All filters were designed and approved by the National Sanitation Foundation (Ann Arbor, MI, USA) to operate at the prescribed flow rates according to their product labels. The DE or perlite media was added to the precoat filter (in slurry form) in the amount of 0.49 kg/m 2 of filter surface area. However, one exception was that the amount of fine DE was increased to 1.5 kg/m 2 in the second experiment only.
Coagulant application
The coagulant, when used, was poured directly into the spa following an initial dilution in 10 L of simulated pool water and allowed to recirculate and mix for a period of time prior to seeding oocysts and/or microspheres. The minimum recommended dosage on the bottle (1.6 mg/L as product) was used without any optimization or zeta potential measurements. This product was chosen because of its history and prevalence in the US swimming pool market. Currently, coagulant use is not required with any type of filter. Use is with sodium hypochlorite to a free chlorine concentration of 2 mg/L, with hydrochloric acid to a pH of 7.5, and with a mixture of artificial sweat and urine described in Table 2 to a final total organic carbon ( 
Sample analysis
Samples were filtered through 3-μm polycarbonate track- total magnification. Separate counts were performed for microspheres and oocysts whenever they were used together. The raw counts per mL from the filter influent and effluent sample pairs were used to calculate the percent and log removals. The fluorescent filter set used in the microscope had a 450-490-nm excitation wavelength range, a 510-nm dichroic filter, and a 520-nm emission filter. The PCTE filters with 3-μm pores were used for the 5-μm microspheres and oocysts, which were assayed simultaneously. A 0.65-μm pore size PCTE filter was used for the experiments using only the 1-μm microspheres. Samples were stored at 4 W C prior to analysis.
Quality control measures
The spa system was thoroughly cleaned between experiments with a minimum of three drain-and-fill rinses with recirculation at 227 L/min, and samples were collected prior to seeding in each experiment to measure any potential carryover between experiments. A control experiment was used to determine whether or not the oocysts and microsphere were destroyed by the pump and/or lost due to surface attachment within the system. All statistical calculations were performed on the percent removal data (not the log-manipulated values)
with commercially available software (Microsoft Office Excel 2007; Microsoft, Redmond, WA, USA).
RESULTS AND DISCUSSION
Particle challenge tests were performed for three categories of filters (i.e., sand, cartridge, and precoat). Subcategories included sand filtration with and without coagulant as well as precoat filtration with three individual filter media products. For each of the preceding filtration scenarios, particle removal was determined separately for Cryptosporidium oocysts, 5-μm microspheres, and 1-μm microspheres.
Data from individual experiments are summarized in Table 3 . production. In drinking water treatment, adding a continuous feed of coagulant immediately following oocysts/microspheres (just prior to filtration) is expected, but alternate coagulant feeding scenarios were not explored in the present study. These two preceding coagulant addition scenarios could be termed 'passive' and 'active' treatment, respectively.
Precoat filter removals of Cryptosporidium
Precoat filter removals of Cryptosporidium oocysts were significantly higher than for the other two types of filters as shown in Figure 4 . The standard grade of DE used in swimming pools removed 2.3 log (99.6%) of oocysts. Two finergrained (lower permeability) types of precoat media each 
One-micron microsphere removals
The percent removals and log removals of the 1-μm microspheres are shown in Figures 3 and 4 , respectively. The 1-μm microspheres were used in this study to evaluate how each type of filtration performed at removing particles even smaller than Cryptosporidium oocysts. These experiments sought to test the perceived limits of each filtration scenario. Mean sand and cartridge filter removals dropped As shown in Figure 5 , the precoat filters removals were considerably lower at 0.37 to 1.3 log for the 1-μm microspheres than for the larger 5-μm microspheres and oocysts (2.2 to 4.8 log). 
CONCLUSIONS
The results show that swimming pool sand filters currently thought to be used by the majority of the pools in the USA Based on the low average removal efficiency 0.19 log (36%) average removal efficiency of sand and cartridge filters for Cryptosporidium, the prevalence of these filters in existing recreational water facilities, and the highly chlorineresistant properties of Cryptosporidium oocysts; further safeguarding public health in recreational water facilities in the USA could be quite challenging. The epidemiological data (both endemic and outbreak) suggest that this problem is not going away on its own. The leaders in the pool industry should take an active role in fully assessing this problem, identifying potential solutions, and making the critical decisions required to resolve this problem.
